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Description

FIELD

[0001] The embodiments discussed herein are related to a data processing program, a data processingmethod, and a
data processing apparatus.

BACKGROUND

[0002] An information processing apparatusmay beused for solution finding of a combinatorial optimization problem. A
combinatorial optimization problem is converted into an evaluation function representing energy of an Isingmodel, which
is a model representing a behavior of a spin of a magnetic body. An information processing apparatus searches for a
combination thatminimizesormaximizesanevaluation functionamongcombinationsof valuesof state variables included
in the evaluation function. A combination of values of state variables that minimizes or maximizes an evaluation function
corresponds to a ground state or an optimal solution represented by a set of state variables. As amethod for obtaining an
approximate solution of a combinatorial optimization problem in a practical time, there is a method in which a simulated
annealing (SA) method, a replica exchange method, and the like are combined based on a Markov-chain Monte Carlo
(MCMC) method.
[0003] For example, there is a proposal for an information processing apparatus that executes sequential MCMC in
which state variables are selected in order of index and it is determined whether a state transition in which the value of the
state variable changes is allowed. The proposed information processing apparatus increases a transition acceptance
probability by correcting a change amount of energy with an offset value when the number of times of continuous
determination that the value of state variable is not changed reaches a predetermined number of times.
[0004] There isalsoaproposal for anoptimizationapparatus inwhich,whennegationofastate transition is continuously
repeated a certain number of times, one state is randomly selected from a predetermined number of candidate states
selected in ascending order of corresponding energy increments, and the current state is caused to transition to the
selected one state.
[0005] There is a proposal for a method called variational neural annealing in which a quasiequilibrium model is
annealed instead of approximate sampling by annealing a Boltzmann distribution. There is also a proposal for a quantum
Monte Carlo simulation method for simulating a microscopic magnetic structure of a complex magnetic system and
investigating the macroscopic physical characteristics thereof.
[0006] Japanese Laid-open Patent Publication No. 2022‑174616, Japanese Laid-open Patent Publication No.
2023‑49630, U.S. Patent Application Publication No. 2022/0198246, and U.S. Patent Application Publication No.
2021/0342505 are disclosed as related art.

SUMMARY

TECHNICAL PROBLEM

[0007] In a solution search based on the MCMC method, it may take time to obtain a better solution since a state
transition is not continuously adopted or only a specific state is adopted.
[0008] In one aspect, an object of the present disclosure is to improve solution finding performance.

SOLUTION TO PROBLEM

[0009] According to an aspect of the embodiments, there is provided a data processing program including instructions
which, when executed by a computer, cause the computer to execute processing including: when a number of times of
occurrence of a first state within a predetermined time exceeds a predetermined number of times in a solution search
based on an evaluation function that includes a plurality of state variables, determining a number of state variables for
which value is to be changed from the first state among theplurality of state variables, basedonadifferencebetweenafirst
value of the evaluation function in a casewhere a value of any state variable of the state variables is changed from the first
state and a second value of the evaluation function corresponding to the first state; generating a second state in which
values of the state variables of the number among the plurality of state variables in the first state are changed; and
continuing the solution search using the second state.

ADVANTAGEOUS EFFECTS OF INVENTION

[0010] In one aspect, solution finding performance may be improved.
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BRIEF DESCRIPTION OF DRAWINGS

[0011]

FIG. 1 is a diagram for describing a data processing apparatus of a first embodiment;
FIG. 2 is a diagram illustrating a hardware example of a data processing apparatus of a second embodiment;
FIG. 3 is a diagram illustrating an example of a relationship between a state and energy;
FIG. 4 is a diagram illustrating a function example of the data processing apparatus;
FIG. 5 is a diagram illustrating a function example of a replica processing unit;
FIG. 6 is a flowchart illustrating a solution search example of the replica processing unit;
FIG. 7 is a flowchart illustrating an exchange control example;
FIG. 8 is a diagram illustrating a selection example of a flip target spin;
FIG. 9 is a flowchart illustrating a modification example of spin flip processing; and
FIG. 10 (i.e., FIGs. 10A and 10B) is a diagram illustrating an example of an experiment result.

DESCRIPTION OF EMBODIMENTS

[0012] Hereinafter, the present embodiments will be described with reference to the drawings.

[First Embodiment]

[0013] A first embodiment will be described.
[0014] FIG. 1 is a diagram for describing a data processing apparatus of the first embodiment.
[0015] A data processing apparatus 10 is used for solution finding of a combinatorial optimization problem based on an
MCMC method. In solution finding of a combinatorial optimization problem, for example, an SA method, a replica
exchange method, or the like is used. The replica exchange method is also referred to as an exchange Monte Carlo
method. The data processing apparatus 10 includes a storage unit 11 and a processing unit 12.
[0016] Thestorageunit 11maybeavolatile semiconductormemorysuchasa random-accessmemory (RAM)ormaybe
a non-volatile storage such as a hard disk drive (HDD) or a flash memory. For example, the processing unit 12 is a
processor such as a central processing unit (CPU), a graphics processing unit (GPU), or a digital signal processor (DSP).
The processing unit 12 may include an application-specific electronic circuit such as an application-specific integrated
circuit (ASIC) or a field-programmable gate array (FPGA). The processing unit 12 may be a processor that executes a
program stored in a memory such as a RAM (which may be the storage unit 11). A set of a plurality of processors may be
referred to as a "multiprocessor" or simply a "processor".
[0017] In the followingdescription, anexample is given inwhich theprocessingunit 12 searches for a solution.However,
a search unit realized by an FPGA, a GPU, or the like may search for a solution according to an instruction from the
processing unit 12 and return a search result to the processing unit 12. In such case, the search unitmay be included in the
data processing apparatus 10, or may be included in another apparatus that communicates with the data processing
apparatus 10.
[0018] Acombinatorial optimization problem is formulated byapredetermined evaluation function, and is replacedwith,
for example, a problem thatminimizes the valueof theevaluation function, for example, anevaluation value.Anevaluation
function may be referred to as an objective function or an energy function. An evaluation function includes a plurality of
state variables. For example, a state variable is a binary variable that takes a value of 0 or 1. A value thatmay be taken by a
state variable may be {1, ‑1}, or may be another real number. A state variable may also be referred to as a bit or a spin.
[0019] A solution to a combinatorial optimization problem is represented by the values of a plurality of state variables.
The value of an evaluation function indicates energy of an Isingmodel. A solution thatminimizes the value of anevaluation
function represents a ground state of an Ising model, and corresponds to an optimal solution to a combinatorial
optimization problem.
[0020] For example, an Ising-type evaluation function is represented by formula (1).

[0021] State vector s has a plurality of state variables as elements, and represents a state of an Isingmodel. Formula (1)
is an evaluation function formulated in a quadratic unconstrained binary optimization (QUBO) format. In a case of a
problem of maximizing energy, a sign of the evaluation function is to be reversed. However, the evaluation function does
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not have to be in a quadratic form, and may be in a cubic or higher form.
[0022] Thefirst termon the right side of formula (1) adds up theproducts of the values of two state variables andaweight
coefficient without omission and duplication for all combinations of two state variables that are selectable from all state
variables.Subscripts i and j are indicesof thestate variables. si is an i-th statevariable. sj is a j-th state variable.N is the total
number of state variables.Wij is a weight between the i-th state variable and the j-th state variable or a coupling coefficient
indicating the strength of coupling. Wij = Wji, and Wii = 0.
[0023] Thesecond termon the right sideof formula (1) is a sumof theproducts of a bias for eachof all state variables and
the valueof a state variable. bi indicatesabias for the i-th state variable.Problem information includingaweight coefficient,
a bias, and the like included in an evaluation function is stored in the storage unit 11.
[0024] When the value of state variable si changes to 1 - si, the increase amount of state variable si may be represented
as Δsi = (1 - si) - si = 1 - 2si. Therefore, change amount ΔHi of energy due to a change in state variable si for evaluation
function H(s) is represented by formula (2).

[0025] hi is referred toasa local field, and is representedby formula (3).A local fieldmayalsobe referred toasa local field
(LF).

[0026] According to formula (2), when the signs of Δsi and (ΣWijsj + bi) agree, the energy decreases. For example, the
processing unit 12 calculates, for each of a plurality of state variables, a change amount of energy due to a change in the
value of one state variable among the plurality of state variables, and stochastically and preferentially accepts the change
in which energy decreases.
[0027] At this time, inacaseof falling intoa local solution, it is impossible toescape from the local solutionwithasteepest
descent method. Accordingly, the processing unit 12 uses a Metropolis method or a Gibbs method for determination of a
transition probability from a certain state to a next state due to changing of a certain state variable. For example, the
processing unit 12 also stochastically allows a change inwhich the value of an evaluation function increases, according to
comparisonbetween the changeamount of the value of the evaluation function anda thermal noise value. A thermal noise
value is obtained based on a temperature value or a randomnumber. As the temperature value increases, an amplitude of
the thermal noise value increases. As the amplitude of the thermal noise value increases, a state transition with a large
increase amount of the value of the evaluation function is more likely to be allowed.
[0028] For example, in the case of the Metropolis method, probability Ai of accepting a change in the value of a state
variableof energychangeΔHi is representedasAi =min[1, exp(-β ·ΔHi)].β is a reciprocalnumberof temperaturevalueT (T
>0) (β=1/T), and is referred to as an inverse temperature. Theminoperator indicates that aminimumvalue of argument is
taken.
[0029] The processing unit 12 compares a uniform randomnumber u satisfying 0 < u < 1with Ai for a certain index i, and
whenu<Ai, acceptsachange in thevalueof statevariable si andchanges thevalueof statevariable si.Whennot u<Ai, the
processingunit 12doesnot accept a change in the valueof state variable si anddoesnot change the valueof state variable
si. According to the formula of probabilityAi, asΔHi hasa larger value, Ai is smaller. Asβ is smaller, for example, T is lager, a
state transition in which ΔHi is large is more likely to be allowed.
[0030] For example, in the case where the Metropolis method is used, the processing unit 12 may perform transition
determination by using a determination formula of In(u) * T ≤ -Δ Hi. In(u) * T corresponds to a thermal noise value. The
processing unit 12 allows a change in the value of a corresponding state variable when energy change ΔHi satisfies the
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determination formula for uniform random number u. The processing unit 12 does not allow a change in the value of a
corresponding state variable when energy change ΔHi does not satisfy the determination formula for uniform random
number u.
[0031] In theSAmethod, the processing unit 12decreases theamplitude of a thermal noise value bygradually changing
a temperature value from themaximum temperature value to theminimum temperature value, and causes the state of an
Ising model to converge to the ground state or a state close to the ground state. In the replica exchange method, the
processing unit 12 repeats a procedure of independently executing MCMC for each of a plurality of temperature values,
exchanging the states obtained at each temperature value at a predetermined timing, and continuing MCMC with the
exchanged states as initial solutions, and extracts a good solution obtained in the process.
[0032] Inasolution searchby theprocessingunit 12,a state transition isdelayed in thecaseof falling intoa local solution,
and it may take time until an optimal solution or an approximate solution close to the optimal solution is obtained.
Accordingly, the processing unit 12 performs the following processing in a solution search. For example, the following
processingmaybe executed in a solution search in theSAmethod ormaybe executed in a solution search corresponding
to one temperature value in the replica exchange method.
[0033] In a solution search based onan evaluation function including aplurality of state variables, the processing unit 12
detects that the number of times of occurrence of a first state within a predetermined time exceeds a predetermined
number of times. The predetermined time is determined in advance. Detection of the number of times of occurrence of the
first state within a predetermined time exceeding a predetermined number of timesmay also be referred to as detection of
the number of times of occurrence of the first state per unit time, for example, the occurrence frequency, exceeding a
predetermined value. One time of occurrence of the first state is that a state after one time of trial of a state transition in a
solution search is the first state. At this time, a state before the one time of trialmay be the first state or a state different from
the first state.
[0034] For example, theprocessing unit 12maycount thenumber of timesastate transition is not continuously adopted,
for example, thenumber of timesof continuous rejection, andperformdetectionof thenumberof timesof occurrenceof the
first state within a predetermined time exceeding a predetermined number of times according to whether the number of
timesof continuous rejectionexceeds thepredeterminednumberof times. In this case, thefirst stateoccurs for thenumber
of times of trial corresponding to the number of times of continuous rejection. Time spent for the number of times of trial
corresponding to the predetermined number of times corresponds to the predetermined time.
[0035] Alternatively, in a case of transitioning to the first state, when the first state occurs again within a predetermined
time from the timing of the transition, the processing unit 12may detect that the number of times of occurrence exceeds a
predetermined number of times by counting the number of times of occurrence.
[0036] In a solution search, when the number of times of occurrence of the first state within a predetermined time
exceeds a predetermined number of times, the first state is estimated to be a local solution. Accordingly, the processing
unit 12may detect that a search falls into a local solution by detection of the number of times of occurrence of the first state
within a predetermined time exceeding a predetermined number of times.
[0037] When it is detected that the number of timesof occurrenceof the first statewithin apredetermined timeexceedsa
predetermined number of times, the processing unit 12 performs the following processing. The processing unit 12
determines the number of state variables for which value is to be changed from the first state, based on a difference
between a first value of an evaluation function in a casewhere the value of any state variable is changed from the first state
and a second value of the evaluation function corresponding to the first state. The processing unit 12 generates a second
state in which the values of state variables of the number in the first state are changed, and continues the solution search
using thesecondstate. In thesolutionsearchusing thesecondstate, thesolutionsearch is restarted from thesecondstate.
[0038] Graph 20 illustrates a relationship between a state and the value of an evaluation function. The horizontal axis of
graph 20 is a state. The vertical axis of graph 20 is the value of an evaluation function. Although a state is represented in
multiple dimensionsby the valuesof a plurality of state variables, a state is plotted on thehorizontal axis for convenience in
graph 20.
[0039] State s1 is an example of the first state. State s1 corresponds to a local solution. In a solution search, the
processing unit 12 detects that the number of times of occurrence of state s1 within a predetermined time exceeds a
predetermined number of times. The processing unit 12 calculates index value ζ based on a difference between a first
value (Hi(s1)) of an evaluation function in a casewhere the value of any state variable in state s1 is changed and a second
value (H(s1)) of the evaluation function corresponding to state s1. Index value ζ is a statistical value of the difference. For
example, the processing unit 12 calculates a first value for a case where the value of each of a predetermined number of
state variables is changed, and obtains ζ as a statistical value of the predetermined number of first values. Index value ζ is
an index representing the gentleness or steepness of a change in the value of an evaluation function around the first state.
As one example, ζ is calculated by formula (4).
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[0040] Hi(s) is a value of an evaluation function corresponding to a state obtained by changing the value of the state
variable of index i for state s. In theexampleof formula (4), ζ(s) is anaveragevalueof differencesbetweenafirst valueof an
evaluation function in a case where the value of any state variable in state s is changed and a second value of the
evaluation function corresponding to state s.
[0041] As another example, the processing unit 12may calculate themaximumvalue of the difference between the first
value and the second value as ζ. Alternatively, the processing unit 12 may calculate the minimum value of the difference
between the first value and the second value as ζ.
[0042] Asstill another example, forΣ in formula (4), the processing unit 12may take a sum for a part of all indices instead
of taking a sum for all indices. For example, the processing unit 12 may calculate ζ by formula (5) or formula (6).

[0043] R in formula (6) is a randomnumberbelonging to the range [1,N] of the valuesof index. c is a constant determined
in advance according to the number of indices for which a sum is to be obtained. In a case where calculation of ζ is
performed for state s1, the processing unit 12 sets s = s1 in the above formula.
[0044] For example, the processing unit 12 determines the number of state variables forwhich value is to be changedby
a predetermined determination formula using ζ. For example, a determination formula is represented as ζ(s)/|H(s)| <
θenergy. θenergy is a threshold determined in advance. |H(s)| is an absolute value ofH(s).When ζ(s)/|H(s)| < θenergy, the
processingunit 12determines that thevaluesof p state variablesare tobechanged.For example, p is an integer of threeor
larger. When ζ(s)/|H(s)| ≥ θenergy, the processing unit 12 determines that q state variables are to be changed, q being
smaller than p. For example, q is an integer that is two or larger and smaller than p. The values of p and q are determined in
advance. In a case where determination is performed for state s1, the processing unit 12 sets s = s1 in the determination
formula.
[0045] Theprocessingunit 12 changes the valuesof thedeterminednumber of state variables in state s1, andcontinues
the solution search. The processing unit 12may randomly select the determined number of state variables to be changed
andchange the valuesof the selected state variables.Alternatively, theprocessingunit 12mayselect a state variable tobe
changed based on the value of an evaluation function in a casewhere the state variable is changed, and change the value
of the selected state variable.
[0046] Division of ζ(s) by |H(s)| corresponds to normalization of ζ(s). The method of normalization by dividing ζ(s) by |
H(s)| is an example. The processing unit 12 may normalize ζ(s) by a method other than dividing ζ(s) by |H(s)|.
[0047] For example, when ζ(s1)/|H(s1)| < θenergy, it means that an evaluation function is relatively gentle around state
s1, for example, a change in the value of the evaluation function is small. When ζ(s1)/|H(s1)| ≥ θenergy, it means that the
evaluation function is relatively steeparoundstate s1, for example, a change in the valueof theevaluation function is large.
[0048] When it is determined that the evaluation function is gentle around state s1, the processing unit 12 changes the
values of a larger number (p) of state variables than in the case where the evaluation function is steep around state s1.
Accordingly, in the subsequent solution search, the processing unit 12 makes it hardly return to state s1 and makes it
possible to efficiently escape from the local solution.
[0049] On theother hand,when it is determined that the evaluation function is steeparound state s1, the processing unit
12 changes the values of a smaller number (q) of state variables than in the case where the evaluation function is gentle
around state s1.Accordingly, the processing unit 12makes it possible to efficiently escape from the local solution such that
the state is not transitioned to a state separated from state s1 more than appropriate. For example, in the case where the
evaluation function is steep around state s1, there is a possibility that a better solution (another energy valley) exists in a
state relatively close to state s1, and the possibility of missing such a better solution in the subsequent solution search is
reduced.
[0050] According to the data processing apparatus 10, in a solution search based on an evaluation function including a
plurality of state variables, it is detected that the number of times of occurrence of a first state within a predetermined time
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exceeds a threshold. The number of state variables for which value is to be changed from the first state is determined,
based on a difference between a first value of an evaluation function in a case where the value of any state variable of the
plurality of state variables is changed from thefirst state andasecondvalueof the evaluation function corresponding to the
first state. A second state is generated in which the values of state variables of the number among the plurality of state
variables in the first state are changed. The solution search is continued using the second state.
[0051] Accordingly, the data processing apparatus 10may improve solution finding performance. As described before,
thedataprocessingapparatus10enablesefficient escape froma local solution.Asa result, thedataprocessingapparatus
10may increase the possibility of reaching an optimal solution or an approximate solution close to the optimal solution in a
relatively short time. In this way, the data processing apparatus 10 may speed up solution finding.

[Second Embodiment]

[0052] Next, a second embodiment will be described.
[0053] FIG. 2 is a diagram illustrating a hardware example of a data processing apparatus of the second embodiment.
[0054] A data processing apparatus 100 includes a processor 101, a RAM 102, an HDD 103, a GPU 104, an input
interface 105, amedium reader 106, a communication interface 107, and an accelerator card 108. These units included in
the data processing apparatus 100 are coupled to a bus inside the data processing apparatus 100.
[0055] The processor 101 is an arithmetic device that executes instructions of a program. For example, the processor
101 is a CPU. The processor 101 loads at least a part of a program or data stored in the HDD 103 into the RAM 102, and
executes the program. The processor 101may include a plurality of processor cores. The data processing apparatus 100
may includeaplurality of processors. Theprocessing tobedescribedbelowmaybeexecuted inparallel byusingaplurality
of processors or processor cores. A set of a plurality of processors may be referred to as a "multiprocessor" or simply a
"processor".
[0056] The RAM 102 is a volatile semiconductor memory that temporarily stores a program to be executed by the
processor 101 anddata to be used for arithmetic operation by the processor 101. The data processing apparatus 100may
include a memory of a type other than the RAM, and may include a plurality of memories.
[0057] The HDD 103 is a non-volatile storage device that stores data and programs of software such as an operating
system (OS), middleware, and application software. The data processing apparatus 100 may include other types of
storage devices such as a flash memory or a solid-state drive (SSD), and may include a plurality of non-volatile storage
devices.
[0058] TheGPU104outputs an image toadisplay 111coupled to thedata processingapparatus100 in accordancewith
an instruction from the processor 101. As the display 111, an arbitrary type of display such as a cathode ray tube (CRT)
display, a liquid crystal display (LCD), a plasma display, or an organic electro-luminescence (OEL) display may be used.
[0059] The input interface 105 acquires an input signal from an input device 112 coupled to the data processing
apparatus 100, and outputs the input signal to the processor 101. As the input device 112, a pointing device such as a
mouse, a touchpanel, a touchpad,ora trackball, a keyboard, a remotecontroller, abuttonswitch, or the likemaybeused.A
plurality of types of input devices may be coupled to the data processing apparatus 100.
[0060] Themedium reader 106 is a reading device that reads programs and data recorded in a recording medium 113.
As the recordingmedium113, for example, amagnetic disk, anoptical disk, amagneto-optical (MO)disk, a semiconductor
memory, or the like may be used. Themagnetic disk includes a flexible disk (FD) and an HDD. The optical disk includes a
compact disc (CD) and a Digital Versatile Disc (DVD).
[0061] For example, the medium reader 106 copies a program or data read from the recording medium 113 to another
recordingmediumsuchas theRAM102or theHDD103.For example, the readprogram isexecutedby theprocessor 101.
The recording medium 113may be a portable-type recording medium, andmay be used to distribute programs and data.
The recording medium 113 and the HDD 103 may be referred to as a computer-readable recording medium.
[0062] The communication interface 107 is coupled to a network 114, and communicates with another information
processing apparatus via the network 114. The communication interface 107 may be a wired communication interface
coupled to a wired communication device such as a switch or a router, or may be a wireless communication interface
coupled to a wireless communication device such as a base station or an access point.
[0063] The accelerator card 108 is a hardware accelerator that searches for a solution to a problem represented by an
Ising-type energy function of formula (1) by using the MCMC method. By performing the MCMC method at a fixed
temperature or the replica exchange method in which the states of an Ising model are exchanged between a plurality of
temperatures, the accelerator card 108may be used as a sampler that samples a state following a Boltzmann distribution
at the corresponding temperature. For solution finding of a combinatorial optimization problem, the accelerator card 108
executes the replica exchangemethod or processing of annealing such as the SAmethod in which a temperature value is
gradually decreased. The replica exchange method is also referred to as an exchange Monte Carlo method or a parallel
tempering (PT) method.
[0064] The SA method is a method of efficiently finding an optimal solution by decreasing a temperature value used
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during the sampling froma high temperature to a low temperature, for example, increasing inverse temperature β. Since a
state changes to some extent even in a case where the low temperature side, for example, β is large, there is a high
possibility that agoodsolutionmaybe foundevenwhen the temperaturevalue isdecreased rapidly. Forexample, in a case
where the SA method is used, the accelerator card 108 repeats the operation of decreasing a temperature value after
repeating a trial of state transition at a certain temperature value a certain number of times.
[0065] The replica exchange method is a method of independently executing the MCMC method using a plurality of
temperature values. An independent arithmetic operation resource for executing the MCMC method is referred to as a
replica. In the replicaexchangemethod, statesor temperature valuesareexchangedasappropriate for statesobtainedby
a plurality of replicas corresponding to a plurality of temperature values. In the replica exchange method, a good solution
maybe foundefficiently by searching anarrow rangeof a state spacebyMCMCat a low temperature and searchingawide
range of the state space by MCMC at a high temperature. In a case where the replica exchange method is used, the
accelerator card 108 repeats the operation of performing trials of state transition for a plurality of replicas in parallel and,
every time a certain number of times of trial is performed, exchanging states or temperature values by a predetermined
exchange probability for a pair of replicas with adjacent temperature values. As described above, the data processing
apparatus 100 or a device such as the accelerator card 108 that solves an Ising problem may be referred to as an Ising
machine.
[0066] The accelerator card 108 includes a processor 108a and a RAM 108b. The processor 108a realizes a solution
search function in the accelerator card 108. For example, the processor 108a is a dedicated processor for solution search
suchasaGPU, anFPGA,or anASIC.TheRAM108bholdsdata to beused for a solution search in theprocessor 108aand
a solution searched for by the processor 108a. The data processing apparatus 100 may include a plurality of accelerator
cards.
[0067] Eachof theRAM102and theRAM108bmaybeadynamicRAM(DRAM)orastaticRAM(SRAM),ormay include
both of them. The processor 101 or the processor 108a corresponds to the processing unit 12 of the first embodiment. The
RAM102or theRAM108bcorresponds to thestorageunit 11of the first embodiment. TheHDD103maycorrespond to the
storage unit 11.
[0068] Hardware that searches for a solution to a problem in an Ising-format, suchas thedata processing apparatus 100
or the accelerator card 108, may be referred to as an Ising machine, a Boltzmann machine, or the like. Hereinafter, as an
example of a solution searchmethod, the casewhere the replica exchangemethod is usedwill bedescribed.However, the
data processing apparatus 100may use anothermethod such as the SAmethod instead of the replica exchangemethod.
[0069] FIG. 3 is a diagram illustrating an example of a relationship between a state and energy.
[0070] Graph 30 illustrates an example of a relationship between a state represented by a plurality of spins and energy
calculated by an energy function. The horizontal axis of graph 30 indicates a state. The vertical axis of graph 30 indicates
energy. Although a state is represented inmultiple dimensions by a plurality of spins, each state is plotted on the horizontal
axis for convenience. A change amount of the energy function may be relatively small or relatively large in the vicinity of a
certain state.
[0071] Accordingly, in a casewhere it is estimated that a search falls into a local solution, the data processing apparatus
100 calculates ζ as an index value indicating the depth/shallowness or steepness/gentleness of the energy landscape
near the local solution, and makes it possible to efficiently escape from the local solution based on ζ.
[0072] FIG. 4 is a diagram illustrating a function example of the data processing apparatus.
[0073] The data processing apparatus 100 includes replica processing units 120, 120a, ..., and 120n, and an exchange
control unit 140.The replicaprocessingunits120,120a, ..., and120n,and theexchangecontrol unit 140are realizedby the
processor 108a. The replica processing units 120, 120a, ..., and 120n, and the exchange control unit 140may be realized
by the processor 101 executing a program stored in the RAM 102.
[0074] The replica processing units 120, 120a, ..., and 120n are search units that execute MCMC respectively at
different temperature values in solution finding of a combinatorial optimization problem. The replica processing units 120,
120a, ..., and 120n execute MCMC in parallel independently from each other. A replica processing unit may be simply
referred to as a replica.
[0075] Atapredetermined timing, theexchangecontrol unit 140controls theexchangeofstatesbetweenapair of replica
processing units for which adjacent temperature values are set. For a pair of replica processing units with adjacent
temperature values, the exchange control unit 140 may exchange the temperature values instead of states.
[0076] For example, the data processing apparatus 100 performs a solution search for a certain period of time using the
replica processing units 120, 120a, ..., and 120n, and the exchange control unit 140, and outputs a solutionwith the lowest
energy obtained by the solution search as a final solution.
[0077] FIG. 5 is a diagram illustrating a function example of the replica processing unit.
[0078] The replica processing unit 120 includes an s holding unit 121, an s storage unit 122, an H holding unit 123, anH
storage unit 124, an si flip processing unit 125, a selection unit 126, aΔsi calculation unit 127, aΔHi calculation unit 128, an
adoptiondeterminationunit 129, anadditionunit 130, a continuous rejectioncountingunit 131, a ζcalculationunit 132, and
a multiple-spin flip processing unit 133.
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[0079] A storage area of the RAM 108b is used for the s storage unit 122 and the H storage unit 124. The s holding unit
121, the H holding unit 123, the si flip processing unit 125, the selection unit 126, the Δsi calculation unit 127, the ΔHi
calculation unit 128, the adoption determination unit 129, the addition unit 130, the continuous rejection counting unit 131,
the ζ calculation unit 132, and the multiple-spin flip processing unit 133 are realized by the processor 108a.
[0080] Thesholdingunit 121acquires an initial valueof state s input by auser, and stores the initial value in the s storage
unit 122. When a determination result indicating that a flip of a target spin is to be adopted is received from the adoption
determination unit 129, the s holding unit 121 updates state s by flipping the target spin stored in the s storage unit 122. In
the example of FIG. 5, state s indicates the state of the replica processing unit 120. Although the state of each replica
processing unit is distinguished by replica number m as in s(m), the state of the replica processing unit 120 is simply
represented as s herein. The s holding unit 121 supplies the current state s stored in the s storage unit 122 to the si flip
processing unit 125, the Δsi calculation unit 127, the ζ calculation unit 132, and the multiple-spin flip processing unit 133.
[0081] The s storage unit 122 stores state s.
[0082] TheHholdingunit 123acquiresan initial valueof energyHcorresponding to states input byauser, andstores the
initial value in the H storage unit 124. When a determination result indicating that a flip of a target spin is to be adopted is
received from the adoption determination unit 129, the H holding unit 123 acquires a calculation result of H + ΔHi by the
addition unit 130, and updates energyH stored in theH storage unit 124 toH=H+ΔHi. TheHholding unit 123 supplies the
current energy H stored in the H storage unit 124 to the addition unit 130 and the ζ calculation unit 132.
[0083] TheHstorageunit 124storesenergyHcorresponding to state s.EnergyH is avalue calculatedbasedon formula
(1).
[0084] The si flip processing unit 125 obtains candidate state s’ obtained by flipping the i-th spin si for state s, and
supplies candidate state s’ to the selection unit 126. Candidate state s’ is a state of a transition destination candidate for
state s.
[0085] The selection unit 126 selects candidate state s’ supplied by any one of the si flip processing unit 125 and the
multiple-spin flip processing unit 133, and supplies candidate state s’ to theΔsi calculation unit 127. For example, in a case
where the number of times of continuous rejection by the adoption determination unit 129 counted by the continuous
rejection counting unit 131 to be described later exceeds a threshold, the selection unit 126 selects candidate state s’
supplied by the multiple-spin flip processing unit 133. In other cases, the selection unit 126 selects candidate state s’
supplied by the si flip processing unit 125. For the selected candidate state s’, the selection unit 126 supplies, to the s
holding unit 121, an index indicating the spin of a flip candidate target from state s.
[0086] The Δsi calculation unit 127 calculates difference Δsi between state s and candidate state s’, and supplies
difference Δsi to the ΔHi calculation unit 128. In a case where a plurality of spins is flip candidates, the Δsi calculation unit
127 is to calculate Δsi for each index i of a flip candidate.
[0087] The ΔHi calculation unit 128 calculates ΔHi based on formula (2), and supplies ΔHi to the adoption determination
unit 129 and the addition unit 130. In the case where a plurality of spins is flip candidates, the ΔHi calculation unit 128
calculates ΔHi for each index i, calculates a value obtained by taking a sum of ΔHi for i of a flip candidate, and supplies the
value to the adoption determination unit 129 and the addition unit 130.
[0088] The adoption determination unit 129 performs adoption determination of a state transition by the Metropolis
method based onΔHi. As described before, in theMetropolismethod, probability Ai of accepting a change in the value of a
state variable of energy change ΔHi is represented as Ai = min[1, exp(-β · ΔHi)]. The adoption determination unit 129
supplies a result of adoption determination to the s holding unit 121, the H holding unit 123, and the continuous rejection
counting unit 131.
[0089] In the case where a plurality of spins is flip candidates, the adoption determination unit 129 performs adoption
determination of a state transition by theMetropolis method based on a value obtained by taking a sum of ΔHi for i of a flip
candidate. However, in the case where a plurality of spins is flip candidates, the adoption determination unit 129 may
determine that a state transition by flipping of the plurality of spins is adopted, regardless of the adoption determination.
[0090] Theadditionunit 130obtainsupdatedenergyH’ =H+ΔHi byaddingΔHi calculatedby theΔHi calculationunit 128
and H supplied from the H holding unit 123, and supplies H’ to the H holding unit 123.
[0091] The continuous rejection counting unit 131 counts the number of times that a state transition is continuously
rejected, for example, the number of times of continuous rejection θnum, based on an adoption determination result of
state transition by the adoption determination unit 129.
[0092] Although the number of times of continuous rejection is counted by the continuous rejection counting unit 131 in
this example, other examples are also conceivable.
[0093] When the number of times of continuous rejection θnum reaches threshold θstep, the ζ calculation unit 132
calculates index value ζ. Threshold θstep is determined in advance. The fact that the number of times of continuous
rejection θnum reaches θstepmeans that a search falls into a local solution. For example, by formula (4), the ζ calculation
unit 132may calculate, as ζ, an average value of differencesbetweenenergyHi(s) in a state inwhich the value of one state
variable of state s is changed and the current energy H(s).
[0094] Alternatively, theζcalculationunit 132maycalculate themaximumvalueof thedifferencebetweenHi(s) andH(s)

9

EP 4 517 600 A1

5

10

15

20

25

30

35

40

45

50

55



as ζ. The ζ calculation unit 132 may calculate the minimum value of the difference between Hi(s) and H(s) as ζ.
[0095] Asstill another example, as representedby formula (5), theζ calculationunit 132maycalculate ζbyusingevery c
indexes. As represented by formula (6), the ζ calculation unit 132maycalculate ζbyusingaplurality of randomnumbersR
in the section [1, N].
[0096] The ζ calculation unit 132 may sort Hi(s) used in formula (5), formula (6), or the like, and select d Hi(s) from the
largest one and calculate ζ. d is an integer that is two or larger and smaller than N. In this case, the d Hi(s) are selected as
targets of amountain of energy to get over. Alternatively, the ζ calculation unit 132may calculate ζ by selecting d values in
ascending order of Hi(s). For example, the ζ calculation unit 132 may calculate, as ζ, an average value of differences
between each of d selected Hi(s) and the current energy H(s).
[0097] As with the ΔHi calculation unit 128, the ζ calculation unit 132 may perform calculation of an energy difference
based on formula (2).
[0098] Themultiple-spin flip processing unit 133 determines the number of spins to be flipped according to comparison
between ζ/(current energy H) and threshold θenergy. As an example, when ζ/|H| < θenergy, the multiple-spin flip
processing unit 133 sets the number of spins to be flipped to x (x > 2). For example, x = N/2 for the total number N of
spins. On the other hand, when ζ/|H| is equal to or larger than θenergy, the multiple-spin flip processing unit 133 sets the
number of spins to be flipped to two. Threshold θenergy is determined in advance. Hereinafter, H > 0, and ζ/|H| is simply
represented as ζ/H.
[0099] The multiple-spin flip processing unit 133 generates candidate state s’ by randomly selecting the determined
number of spins and flipping the selected spins in state s. Themultiple-spin flip processing unit 133 supplies the generated
candidate state s’ to the selection unit 126.
[0100] A storage area of the RAM 102may be used for the s storage unit 122 and the H storage unit 124. The s holding
unit 121, the H holding unit 123, the si flip processing unit 125, the selection unit 126, the Δsi calculation unit 127, the ΔHi
calculation unit 128, the adoption determination unit 129, the addition unit 130, the continuous rejection counting unit 131,
the ζ calculation unit 132, and the multiple-spin flip processing unit 133 may be realized by a program stored in the RAM
102 being executed by the processor 101.
[0101] The replica processing units 120a, ..., and 120n also have functions similar to those of the replica processing unit
120. ζ= ζ(s(m)) andH=H(s(m)) are individually calculated for state s(m) of each replica processing unit, andmultiple-spin
flip processing is performed for each replica processing unit according to comparison between θnum and θstep.
[0102] Next, a processing procedure of the data processing apparatus 100 will be described.
[0103] FIG. 6 is a flowchart illustrating a solution search example of the replica processing unit.
[0104] Although the processing of the replica processing unit 120 is exemplified below, the replica processing units
120a, ..., and 120n also execute a procedure similar to that of the replica processing unit 120.
[0105] (S10) The s holding unit 121 sets an initial value of state s. For example, the s holding unit 121 acquires an initial
value of state s input by a user, and stores the initial value in the s storage unit 122. The H holding unit 123 sets an initial
value of energy H. An initial value of energy H is the value of formula (1) corresponding to an initial value of state s. For
example, the H holding unit 123 acquires an initial value of energy H input by a user, and stores the initial value in the H
storage unit 124. A temperature value corresponding to the replica processing unit 120 is also set in the adoption
determination unit 129.
[0106] (S11) The si flip processing unit 125 acquires the current state s from the s holding unit 121, and supplies
candidate state s’ in which the i-th spin is randomly flipped for state s to the selection unit 126. The selection unit 126
supplies candidate state s’ acquired from the si flip processing unit 125 to the Δsi calculation unit 127. The Δsi calculation
unit 127calculatesΔsi that is a differencebetweenstate sandcandidate state s’, andsuppliesΔsi to theΔHi calculationunit
128.
[0107] (S12) The ΔHi calculation unit 128 calculates ΔHi of formula (2) using Δsi.
[0108] (S13) The adoption determination unit 129 performs determination of a transition to candidate state s’ based on
ΔHi. For example, theMetropolismethod is used for the transition determination.When the transition to candidate state s’
is adopted, the processing proceeds to step S20.When the transition to candidate state s’ is not adopted, for example, is
rejected, the processing proceeds to step S14.
[0109] (S14)Thecontinuous rejection countingunit 131counts thenumberof timesof continuous rejection θnum,which
is thenumberof times that a transition is continuously rejected instepS13. InacasewherestepS14 isexecuted, candidate
state s’ created in step S11 is discarded.
[0110] (S15)Theζcalculationunit 132determineswhetherθnum>θstep.Whenθnum>θstep, theprocessingproceeds
to step S16. When θnum ≤ θstep, the processing proceeds to step S11.
[0111] (S16) The ζ calculation unit 132 calculates index value ζ. For example, formula (4), (5), (6), or the like is used for
the calculation of ζ. Alternatively, the ζ calculation unit 132 may calculate as ζ = max(Hi(s)) - H(s). The max operator
indicates that amaximum value of argument is selected. As still another example, the ζ calculation unit 132may calculate
as ζ = min(Hi(s)) - H(s).
[0112] (S17) The multiple-spin flip processing unit 133 determines whether ζ/(current energy H) < θenergy. When
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ζ/(current energyH)<θenergy, theprocessingproceeds to stepS18.Whenζ/(current energyH)≥θenergy, theprocessing
proceeds to step S19.
[0113] (S18) Themultiple-spin flip processing unit 133 generates candidate state s’ by flipping of x spins. x is an integer
larger than two. At this time, for example, the multiple-spin flip processing unit 133 randomly selects x spins to be flipped.
The processing proceeds to step S20.
[0114] (S19) Themultiple-spin flip processing unit 133 generates candidate state s’ by flipping of two spins. At this time,
for example, the multiple-spin flip processing unit 133 randomly selects two spins to be flipped.
[0115] In a casewhere stepS18or stepS19 is executed,Δsi corresponding to candidate state s’ created by themultiple-
spin flip processingunit 133 is supplied to theΔHi calculation unit 128 for each index i through the selectionunit 126and the
Δsi calculation unit 127. TheΔHi calculation unit 128may calculate differenceΔH in energy between state s and candidate
state s’ based on each Δsi.
[0116] (S20) When a result of the adoption determination by the adoption determination unit 129 is adoption, the s
holdingunit 121updates the current state s to candidate state s’. For example, the sholdingunit 121 stores candidate state
s’ in thesstorageunit 122as thenewstates.Whena result of theadoptiondetermination isadoption, theHholdingunit 123
updates thecurrent energyH toenergyH’ corresponding to s’. Forexample, theHholdingunit 123storesenergyH’ in theH
storage unit 124 as the new energy H.
[0117] Even in the case where step S18 or step S19 is performed, the adoption determination unit 129 may perform
adoption determination by the Metropolis method or the like based on ΔH. When candidate state s’ is not adopted by the
adoption determination unit 129, step S18 or step S19 may be repeatedly executed until candidate state s’ is adopted.
Alternatively, in the casewhere stepS18or stepS19 is performed, theadoptiondetermination unit 129maydetermine that
candidate state s’ is adopted regardless of the adoption determination.
[0118] (S21) The si flip processing unit 125 determines whether an end condition is satisfied.When the end condition is
satisfied, the processing of the replica processing unit 120 ends. When the end condition is not satisfied, the processing
proceeds to step S11. For example, the end condition is that the replica processing unit 120 has performed a certain
number of times of trial of flipping, that a certain period of time has elapsed from the start of the first trial, or the like.
[0119] More commonly, in step S19, the multiple-spin flip processing unit 133 flips y (x > y ≥ 2) spins.
[0120] FIG. 7 is a flowchart illustrating an exchange control example.
[0121] At a predetermined timing in the repetition procedure in FIG. 6 by each replica processing unit, the exchange
control unit 140 executes the following processing. For example, the following processing is executed for each pair of
replica processing units with adjacent temperature values in the order of replica number for identifying each replica
processing unit. For example, pairs of replica processing units to be subjected to exchange control are sequentially
selected as in the pair of replica numbers (1, 2), the pair of replica numbers (2, 3), ....
[0122] (S30) The exchange control unit 140 acquires information on two replica processing units of exchange
candidates. One of the two replica processing units is referred to as replica R1, and the other is referred to as replica
R2. In this case, the information on replica R1 includes the state of replica R1 and information J1 associatedwith the state
of replica R1 such as energy H1, temperature value T1, and a local solution. The information on replica R2 includes the
state of replicaR2 and information J2 accompanying the state of replicaR2 such as energyH2, temperature valueT2, and
a local solution.
[0123] (S31) The exchange control unit 140 determines whether a determination formula of rand < exp((1/T1 - 1/T2) *
(H1 - H2)) is satisfied. rand is a randomnumber value in the section [0, 1].When the determination formula is satisfied, the
processing proceeds to stepS32.When thedetermination formula is not satisfied, exchange control for the corresponding
two replica processing units ends.
[0124] (S32) The exchange control unit 140 exchanges information other than the temperature values among the
information acquired in step S30 for the corresponding two replica processing units. Accordingly, states s and pieces of
information on energy H held in the corresponding two replica processing units are exchanged. Exchange control for the
corresponding two replica processing units ends.
[0125] Asdescribedabove, theexchangecontrol unit 140controlsanexchangesuch that theexchange is stochastically
performed by performing exchange determination by a determination formula using random number value rand.
[0126] When a solution search using each replica processing unit ends, the data processing apparatus 100 outputs the
best solution obtained by the solution search, for example, the solution with the smallest energy, as a final solution. The
data processing apparatus 100 may output a plurality of solutions by prioritizing solutions with low energy.
[0127] In the casewhere theSAmethod is used, the data processing apparatus 100may execute solution finding by the
procedure in FIG. 6 using the replica processing unit 120 alone. In the case where the SA method is used, the adoption
determinationunit 129performsprocessingof decreasing temperaturevalueTby, for example,ΔT from initial temperature
value T = T0 at a predetermined timing in the repetition procedure in FIG. 6.
[0128] In steps S18 and S19, the multiple-spin flip processing unit 133 randomly selects a spin of a flip target when
candidate state s’ is created. Alternatively, themultiple-spin flip processing unit 133may select a spin of a flip target based
on energy Hi(s) in a state where the spin of index i is flipped for state s.
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[0129] FIG. 8 is a diagram illustrating a selection example of a flip target spin.
[0130] For example, when ζ/(current energy H) < θenergy, the multiple-spin flip processing unit 133 may select and
invert x spins in ascending order of Hi(s).
[0131] On theother hand,when ζ/(current energyH)≥ θenergy, themultiple-spin flip processing unit 133mayselect and
invert y (y < x) spins in descending order of Hi(s).
[0132] Table 124a indicates an example of Hi(s). For example, table 124a may be created by the multiple-spin flip
processing unit 133 and stored in the H storage unit 124. As an example, x = 5 and y = 3.
[0133] In the example of table 124a, when ζ/(current energy H) < θenergy, the multiple-spin flip processing unit 133
selects five spins corresponding to index i = 5, 6, 7, 9, 11 in ascending order of Hi(s).When ζ/(current energyH) ≥ θenergy,
themultiple-spin flip processing unit 133 selects three spins corresponding to index i = 1, 2, 3 in descending order of Hi(s).
[0134] Asdescribedabove, themultiple-spin flip processingunit 133may further improve theefficiencyof escape froma
local solution by selecting a spin of a flip target based on Hi(s). For example, in a case where it is evaluated that a change
amount of energy function in thevicinity of a local solution is relatively small, thepossibility of returning to theoriginal state s
in the subsequent search is further reducedbyselectingandflippingxspins inascendingorder ofHi(s). In a casewhere it is
evaluated that a changeamount of energy function in the vicinity of a local solution is relatively large, thepossibility of being
transitioned to a state separatedmore than appropriate is further reduced by selecting and flipping y spins in descending
order of Hi(s), and the possibility of missing a better solution is reduced.
[0135] Themultiple-spin flip processing unit 133may change the selectionmethod of a spin according to a problem. For
example, when ζ/(current energy H) < θenergy, the multiple-spin flip processing unit 133 may select and invert x spins in
descending order of Hi(s). On the other hand, when ζ/(current energy H) ≥ θenergy, the multiple-spin flip processing unit
133 may select and invert y (y < x) spins in ascending order of Hi(s).
[0136] Alternatively, when ζ/(current energy H) < θenergy, the multiple-spin flip processing unit 133 may select and
invert x spins in ascending order of Hi(s). On the other hand, when ζ/(current energy H) ≥ θenergy, the multiple-spin flip
processing unit 133 may select and invert y (y < x) spins in ascending order of Hi(s).
[0137] As still another example, when ζ/(current energy H) < θenergy, the multiple-spin flip processing unit 133 may
select and invert x spins in descendingorder ofHi(s).On theother hand,when ζ/(current energyH)≥θenergy, themultiple-
spin flip processing unit 133 may select and invert y (y < x) spins in descending order of Hi(s).
[0138] The multiple-spin flip processing unit 133 may select a spin of a flip target by the following method and flip the
selected spin.
[0139] FIG. 9 is a flowchart illustrating a modification example of spin flip processing.
[0140] In the present modification example, the ζ calculation unit 132 calculates ζ by the following formula (7).

[0141] ζ in formula (7) is an index value representingaprobability that a transitionmaybemade fromastate of interest. If
a state does not move, the value of ζ decreases.
[0142] The following steps S40 to S42 are executed in place of steps S16 to S19 in FIG. 6. Step S40 is executed when
YES is determined in step S15.
[0143] (S40) The multiple-spin flip processing unit 133 calculates index j by formula (8).

[0144] Tr is a temperature valueof the corresponding replicaprocessingunit 120. ri is a randomnumber valueof 0< ri < 1
related to index i. argmaxi indicates that index i that maximizes an argument is selected.
[0145] (S41) The multiple-spin flip processing unit 133 flips the j-th spin.
[0146] (S42) The ζ calculation unit 132 calculates ζ by formula (7) for the state after flipping in step S41. The multiple-
spin flip processing unit 133 determineswhether ζ > θα. θα is a threshold determined in advance.When ζ > θα, the spin flip
processing ends. When ζ ≤ θα, the processing proceeds to step S40. In the case of proceeding to step S40, the energy
corresponding to a state after flipping of the j-th spin in the immediately preceding step S41 is H, and the energy
corresponding to a state obtained by flipping the i-th spin for the state after flipping is Hi.
[0147] As described above, the multiple-spin flip processing unit 133 may perform processing of determining the
number of spins to be flipped based on a difference between the energy in the current state s and the energy in a state
whereonespin is flipped fromstate s, by theprocedure illustrated inFIG.9.Themultiple-spin flipprocessingunit 133flipsa
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spin in a direction in which a mountain of an energy function becomes high, by setting index i satisfying the right side in
formula (8) as j.Whenζ is larger than thresholdθα, themultiple-spin flipprocessingunit 133determines that astateenough
for a transition to be made has been reached, and ends the spin flip processing. Otherwise, the spin flip processing is
repeated.
[0148] Accordingly, the data processing apparatus 100 may appropriately select a spin of a flip target so that a state
transition ispromoted.Asa result, thedataprocessingapparatus100mayeasily escape froma local solution, andachieve
improvement in solution finding performance.
[0149] FIG. 10 (i.e., FIGs. 10A and 10B) is a diagram illustrating an example of an experiment result.
[0150] In theexperiments, solution findingbyexchangeMonteCarlo (replicaexchangemethod) in themethodof related
art and solution finding by exchange Monte Carlo in the method of the data processing apparatus 100 have been
performed using a 16-spin type Sherrington-Kirkpatrick (SK)model. In the SKmodel, the number of local solutions is 495.
[0151] FIG. 10A illustrates graph 40 of a result of a first experiment. In the first experiment, a trial of state transition of
1,000 stepswas repeated 100 times in each of themethod of related art and themethod of the data processing apparatus
100, andwith this as one set, further 100 times of trial were performed. Graph 40 illustrates histograms 41 and 42 in which
each set is classified by the number of times that aminimumsolution (optimal solution) is obtained, and the number of sets
classified in the number of times is accumulated. Histogram41 is a comparative example of the casewhere themethod of
related art is used. Histogram 42 is the case where the method of the data processing apparatus 100 is used.
[0152] FIG. 10B illustrates graph50of a result of a secondexperiment. In the secondexperiment, the number of timesof
trial of state transition in themethodof relatedart and themethodof thedataprocessingapparatus100was increased from
1,000 steps in the first experiment to 10,000 steps, and the other conditions were similar to those in the first experiment.
Graph 50 illustrates histograms 51 and 52 in which each set of the second experiment is classified by the number of times
that theminimumsolution is obtained, and the number of sets classified in the number of times is accumulated. Histogram
51 is a comparative example of the case where the method of related art is used. Histogram 52 is the case where the
method of the data processing apparatus 100 is used.
[0153] For the processing of the data processing apparatus 100 in the first experiment and the second experiment, the
procedures exemplified in FIGs. 6 and 7 are used. Formula (4) is used for calculation of ζ.
[0154] Ineachofgraphs40and50, the larger thenumberof binson the right side in thedrawing, thehigher the frequency
atwhich theminimumsolution isobtained.As indicatedbygraphs40and50, it hasbeenconfirmedby theexperiments that
themethodof the data processingapparatus 100 is higher in the frequencyof obtaining theminimumsolutionand is easier
to obtain the minimum solution than the method of related art.
[0155] As described above, the data processing apparatus 100 may improve solution finding performance. For
example, the data processing apparatus 100 may increase the possibility of reaching a minimum solution or an
approximate solution close to the minimum solution in a short time. In this way, the data processing apparatus 100
may achieve speed-up of solution finding.
[0156] As described above, the data processing apparatus 100 executes the following processing. The following
processing may be executed by a general-purpose processor such as the processor 101 or may be executed by a
dedicated processor such as the processor 108a.
[0157] In a solution search basedonanevaluation function including aplurality of state variables, the replica processing
unit 120 detects that the number of times of occurrence of a first state within a predetermined time exceeds a
predetermined number of times. The replica processing unit 120 determines the number of state variables for which
value is to be changed from the first state, based on a difference between a first value of an evaluation function in a case
where the value of any state variable of the plurality of state variables is changed from the first state and a second value of
the evaluation function corresponding to the first state. For example, the number of state variables for which value is to be
changed from the first state is two or more. For example, the replica processing unit 120 determines the number of state
variables by using ζ calculated by the ζ calculation unit 132. The replica processing unit 120 generates a second state in
which the values of state variables of the number among the plurality of state variables in the first state are changed. The
replica processing unit 120 continues the solution search using the second state.
[0158] Accordingly, the data processing apparatus 100 may improve solution finding performance. The replica
processing unit 120 may detect that the number of times of occurrence of the first state within a predetermined time
exceeds a predetermined number of times, by comparing the number of times of continuous rejection θnum with
predetermined number of times θstep as described before. Alternatively, in a case where a Rejection free method is
used, when a search falls into a local solution, a behavior is repeated in which only the same state is adopted, or a state
immediately returns to the same state even when the state transitions to another state. For this reason, in the case where
theRejection freemethod is used, the replica processing unit 120may count the number of times that a state has become
the first state after each trial within a predetermined time after the first state is reached, and detect that the number of times
exceeds a predetermined number of times.
[0159] The replica processing unit 120 may calculate a statistical value of a difference between the first value and the
secondvalue,anddetermine thenumberof statevariables forwhichvalue is tobechanged from thefirst statebasedon the
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statistical value. For example, the statistical value is an average value, a maximum value, a minimum value, a median
value, a percentile value, or the like. ζ in formula (4) represents an average value of differences between the first value and
the second value. In a case where the maximum value of the difference between the first value and the second value is
used, for example, ζ =max(Hi(s)) - H(s). In a case where the minimum value of the difference between the first value and
the second value is used, for example, ζ = min(Hi(s)) - H(s).
[0160] Accordingly, the data processing apparatus 100 may appropriately determine the number of state variables for
which value is to be changed from the first state, according to the gentleness/steepness of a change in the value of an
evaluation function around the first state.
[0161] The replica processing unit 120 may easily obtain a statistical value by using any one of an average value, a
maximum value, and a minimum value as the statistical value.
[0162] The replicaprocessingunit 120maycomparea thirdvalueobtainedbydividing thestatistical valueoranabsolute
valueof thestatistical valuebyasecondvalueoranabsolutevalueof thesecondvaluewithafirst threshold.When the third
value is smaller than the first threshold, the replica processing unit 120 sets thenumber of state variables forwhich value is
to be changed from the first state as a first number.On theother hand,when the third value is equal to or larger than the first
threshold, the replica processing unit 120 sets the number of state variables for which value is to be changed from the first
state as a second number smaller than the first number.
[0163] Accordingly, the data processing apparatus 100 may appropriately determine the number of state variables for
which value is to be changed from the first state, according to the gentleness/steepness of a change in the value of an
evaluation function around the first state. Threshold θenergy described before is an example of the first threshold.
[0164] When the second state is generated, the replica processing unit 120 may randomly select a state variable for
which value is to be changed.
[0165] Alternatively, when the second state is generated, the replica processing unit 120may select a state variable for
which value is to be changed based on the first value.
[0166] Accordingly, the data processing apparatus 100 may more efficiently perform escape from the first state
estimated to be a local solution. The replica processing unit 120 may select a state variable for which value is to be
changed based on the first value corresponding to a state variable other than the state variables considered when the
number of state variables for which value is to be changed from the first state is determined.
[0167] The replica processing unit 120 may perform the following processing when the number of state variables for
which value is to be changed from the first state is determined. The replica processing unit 120 performs first processing of
selecting a first state variable for which value is to be changed from the first state, based on a difference between the first
value and the second value, a random number value, and a temperature value used for a solution search. The replica
processing unit 120 performs second processing of calculating an index value of a transition probability from a new first
state toanother statebasedonadifferencebetween thefirst valueand thesecondvalue inacasewhere thestateobtained
by changing the value of the selected first state variable is set as the new first state. The replica processing unit 120
repeatedly executes the first processing and the secondprocessing until the index value is larger than a second threshold.
[0168] Accordingly, the replica processing unit 120 may efficiently determine the number of state variables for which
value is to be changed, while selecting a state variable for which value is to be changed from the original first state
estimated to be a local solution. The original first state is a first state immediately before the first execution of the first
processing in the repetition of the first processing and the second processing.
[0169] For example, the replica processing unit 120 may cause forcible transition from the original first state to a state
estimated to have a relatively high transition probability to the next state by repeating the first processing and the second
processing, andmay achieve efficient escape froma local solution (original first state). ζ in formula (7) is an example of the
index value of a transition probability. Threshold θα described before is an example of the second threshold. For example,
the replica processing unit 120may stochastically select a first state variable such that a state transition in which energy is
large is prioritized, by using formula (8) for the selection of a first state variable.
[0170] The replica processing unit 120 may select a predetermined number of state variables from a plurality of state
variables, and may calculate, for each of the predetermined number of state variables, a first value for a case where the
value of the state variable is changed from the first state. The predetermined number may be the same number as the
number of theplurality of state variables, ormaybeanumber smaller than thenumber of theplurality of state variables. For
example, the replica processing unit 120 may perform extraction of the predetermined number of state variables by a
method such as extracting the state variables at intervals of c in the order of index as in formula (5), or may perform the
extraction randomly from the plurality of state variables as in formula (6).
[0171] Accordingly, the data processing apparatus 100 may appropriately perform evaluation of a difference between
the first value and the second value. For example, the data processing apparatus 100 may shorten the time taken for the
evaluation of a difference between the first value and the second value by setting the predetermined number to a number
smaller than the number of the plurality of state variables.
[0172] The replica processing units 120a, ..., and 120n may also execute processing similar to that of the replica
processing unit 120. Insteadof the replica exchangemethod, another solution searchmethod suchas theSAmethodmay
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be executed by each replica processing unit.
[0173] In a normal solution search by the replica processing unit 120, it is conceivable that the number of state variables
(spins) to be flipped at the same time is a predetermined number (t) of one or larger. In such case, when it is estimated that
the search falls into a local solution, it is also conceivable that the replica processing unit 120 determines a number larger
than the predetermined number (t) by the above-described method in determination of the number of state variables for
which value is to be changed. For example, the replica processing unit 120determines thenumber (v) of state variables for
which value is to be changed from the first state, based on a difference between a first value of an evaluation function in a
casewhere the valuesof any t state variables are changed from thefirst state andasecondvalueof theevaluation function
corresponding to the first state.
[0174] Also in this case, the replica processing unit 120 may obtain a statistical value of the difference, and compare a
third value obtained by dividing the statistical value or an absolute value of the statistical value by a second value or an
absolute value of the second valuewith a first threshold.When the third value is smaller than the first threshold, the replica
processing unit 120 may set the number v of state variables for which value is to be changed from the first state as first
number v1. v1 is a number larger than t (v1 > t). On the other hand, when the third value is equal to or larger than the first
threshold, the replica processing unit 120may set the number v of state variables for which value is to be changed from the
first state as secondnumber v2 smaller than first number v1 (v2< v1). At this time, v2maybeanumber larger than t (v2> t).
The replica processing unit 120may generate a second state by changing the values of the state variables of the number
(v1 or v2) determined in this manner, and may continue the solution search.
[0175] The information processing of the first embodiment may be achieved by causing the processing unit 12 to
executeaprogram.The informationprocessingof thesecondembodimentmaybeachievedbycausing theprocessor101
to execute a program. The program may be recorded in the computer-readable recording medium 113.
[0176] For example, the program may be circulated by distributing the recording medium 113 in which the program is
recorded. The program may be stored in another computer, and the program may be distributed via a network. For
example, a computermaystore (install), in a storagedevicesuchas theRAM102or theHDD103, theprogram recorded in
the recordingmedium113or the program received from theother computer, and read theprogram from the storagedevice
and execute the program.

Claims

1. A data processing program comprising instructions which, when executed by a computer, cause the computer to
execute processing comprising:

when a number of times of occurrence of a first state within a predetermined time exceeds a predetermined
number of times in a solution search based on an evaluation function that includes a plurality of state variables,
determining a number of state variables for which value is to be changed from the first state among the plurality of
state variables, based on a difference between a first value of the evaluation function in a case where a value of
any state variable of the state variables is changed from the first state and a second value of the evaluation
function corresponding to the first state;
generating a second state in which values of the state variables of the number among the plurality of state
variables in the first state are changed; and
continuing the solution search using the second state.

2. The data processing program according to claim 1, wherein
the determining of the number includes determining the number based on a statistical value of the difference.

3. The data processing program according to claim 2, wherein
the statistical value is any one of an average value, a maximum value, and a minimum value.

4. The data processing program according to claim 2, wherein
the determining of the number includes:

comparing a third value obtained by dividing the statistical value by the second value with a first threshold,
when the third value is smaller than the first threshold, setting the number as a first number, and
when the third value is equal to or larger than the first threshold, setting the number as a second number smaller
than the first number.

5. The data processing program according to claim 1, wherein

15

EP 4 517 600 A1

5

10

15

20

25

30

35

40

45

50

55



the generating of the second state includes selecting, randomly or based on the first value, the state variables to be
changed.

6. The data processing program according to claim 1, wherein
the determining of the number includes repeatedly executing, until the index value is larger than a second threshold,
processing including:

selecting a first state variable for which value is changed from the first state based on the difference, a random
number value, and a temperature value used for the solution search, and
calculating, based on the difference between the first value in a case where a state in which the value of the
selected first state variable is changed is set as the new first state and the second value, an index value of a
transition probability from the new first state to another state.

7. The data processing program0 according to claim 1, wherein
in the determining of the number, a predetermined number of state variables are selected from the plurality of state
variables, and for each of the predetermined number of state variables, the first value in a case where values of the
state variables are changed from the first state is calculated.

8. A data processing method implemented by a computer, the data processing method comprising:

when a number of times of occurrence of a first state within a predetermined time exceeds a predetermined
number of times in a solution search based on an evaluation function that includes a plurality of state variables,
determining a number of state variables for which value is to be changed from the first state among the plurality of
state variables, based on a difference between a first value of the evaluation function in a case where a value of
any state variable of the state variables is changed from the first state and a second value of the evaluation
function corresponding to the first state;
generating a second state in which values of the state variables of the number among the plurality of state
variables in the first state are changed; and
continuing the solution search using the second state.

9. A data processing apparatus comprising:

a storage unit configured to store a value of each of a plurality of state variables; and
a processing unit configured to perform processing including:

when a number of times of occurrence of a first state within a predetermined time exceeds a predetermined
number of times in a solution search based on an evaluation function that includes the plurality of state
variables, determining a number of state variables for which value is to be changed from the first state among
the plurality of state variables, based on a difference between a first value of the evaluation function in a case
where a value of any state variable of the state variables is changed from the first state and a second value of
the evaluation function corresponding to the first state;
generating a second state in which values of the state variables of the number among the plurality of state
variables in the first state are changed; and
continuing the solution search using the second state.
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